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INTRODUCTION
The external responses of plants to environmental stresses have been
investigated for many years.

Water stress has generally been observed to

interfere with the maximum growth rate of plants.

This fact has stimu¬

lated interest in the metabolic changes corresponding to the imposition
of this stress.

According to Slatyer (29)

. . water stress appears to

cause significant and progressive decrements in most processes concerned
with ulant growth ..."

Such changes as water loss from the vacuoles

and stomatal closure normally associated with water stress will logically
upset a plant’s metabolism.
The primary objective of this thesis was to investigate enzyme ac¬
tivity changes due to water stress and recovery from water stress, with
the intention of clarifying the effect of this stress on metabolism. The
effect of another environmental factor, light, on nitrate reductase ac¬
tivity was also investigated.

-
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LITERATURE REVIEW
I
/

In 1929 Stocker (12) designed a method to measure the "water deficit"
of a plant.

He excised the stem or leaf and after weighing it, "brought it

to full turgidity "by submerging the cut section in water.

The turgid

weight and dry weight were determined and water deficit defined as:
sat, wt. - fr. wt,
sat. wU -Iry wt.

y
- A

Approximately twenty years later in an attempt to improve this method,
Weatherly, (35) cut out disks of tissue and floated these in water for
twenty-four hours, taking the original weight, saturated weight, and dry
weight.

He then determined the relative turgidity as:
fr. JLLt
♦
sat. wt. - dry vt.
Note:

v
A

inn
iUU

relative turgidity equals 100^ minus v/ater deficit

Although basically sound, criticism was made and modifications tested
on Weatherly’s method of floating disks.

For example, he and Barrs (4)

demonstrated that the excised tissue incorporated water in two phases.
Phase I represented actual water uptake lasting for approximately the first
four hours.

Phase II was caused by growth and was demonstrated to begin at

the end of the phase I period.

Therefore, the suggested time of floating

was shortened to approximately four hours (depending on the type of plant).

3
They (4) also noted that light at the compensation point was desirable,
but that only small variations in the results were introduced unless
the intensity differed significantly from this intensity.

The third

variable they investigated was the amount of water uptake into the in¬
jured intercellular spaces caused by punching out the disks.

They found

that the error here was also dependent on the type of plant, suggesting
that preliminary studies be made on previously untested tissue before
using this method with confidence.

Todd et al. (32), working with

cereals, reduced this error by taking tvo-to three-centimeter sections
having injured cells only at the end of the samples.

This method

greatly increased the ratio of uninjured cells to injured cells without
limiting water untake.
II

Most of the nitrogen absorbed by plants growing under field con¬
ditions is in the form of nitrate (33).

Before nitrogen can be assim¬

ilated into organic compounds, it must be reduced to ammonia.
monia is then incorporated into
to form glutamic acid.

-keto acids, such as

This am¬

-keto glutarate,

Glutamic acid is believed to be a primary source

of nitrogen for the formation, by transamination, of all other amino
acids.

Nitrate reductase catalyses the first step of this transformation,

i. e. the protonation of an hydroxyl of nitrate plus the addition of two
electrons to yield nitrite.

The electron transport sequence has been il¬

lustrated by Bandurski (2) as follows:

-
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This mechanism is generally accepted, although in higher plants such
as corn and spinach the reductase has been demonstrated to be NADH
specific (27).
In corn, nitrate reductase activity was reported to be lower under
low light intensities (12), and because of this observation it was be¬
lieved that nitrate reductase was contained in the chloroplasts (24).
Ritenour et al. (24) employed aqueous and non-aqueous techniques to iso¬
late chloroplasts and concluded that the chloroplasts contained active
nitrite reductase but that these organelles were devoid of active nitrate
reductase.

These authors suggested that newly formed nitrite must move

from the nitrate reductase site to the nitrite reductase site, suggesting
that nitrate reductase may be closely associated with the chloroplasts
(24).

One property of nitrate reductase to be noted is that it is not

stable in vitro.

Schrader et al. (27) have reported its half-life rate

to be approximately four hours.
Phenylalanine, formed via the shikimic acid pathway, is one of the
amino acid constituents of protein.

In higher plants an alternate route

for the metabolism of this amino acid exists, whereby it is deaminated
to cinnamic acid, from which lignins, coumarins, anthocyanins and other
phenolic compounds, are derived.

Phenylalanine ammonia-lyase catalyses

the deamination of phenylalanine and the formation of a double bond (20)
as follows:
H
—

C

—

C^0H

~^a-s

©

CH2 " CH

C^0H

NH2

The in vivo function of the enzyme NADH oxidase has not been estab-

lished, but evidence, by Green (?), Hackett(ll), and others, of its
location in the mitochondria suggests that it may possibly he involved
in respiration.

In vitro this oxidase catalyses the oxidation of NADH

to NAD as follows:
NADH+H++A

oxidase

NAI^+^A

The protons are picked up by an unknown acceptor.
The effect of environmental stresses on plant growth has been in¬
vestigated for some time.

Observing physical changes in the intact plant

under stress is important but these observations when studied alone can
provide only limited information.

More recently, whole plant responses

to stress have been compared to metabolic changes.

Because of its prac¬

tical importance, water stress has received considerable attention.

Its

effect on protein metabolism has been of special interest because a change
in protein metabolism would likely change enzyme activity, and there is
absolute dependence of plant growth on enzyme-catalyzed reactions.
The reduction of protein content under water stress has been re¬
ported consistently in the literature (3» 15> 16, 26,

%)

but the mech¬

anism responsible for this has not been clearly demonstrated.
acid availability does not appear to be limiting.

Amino

Saunier et al. (26)

found more than twice the amino acid concentration in wilted tissue as
in turgid tissue.
high concentration:

They suggested three possible explanations for this
1)

increased protein hydrolysis, 2)

accumulation

of nitrogen degradation products translocated from roots and, 3)
possible function of amino acids in ammonia storage.

the

Barnett and Naylor

(3) measured individual amino acids and found this total increase to be
due to accumulation of certain amino acids; e. g. proline increased ten

-
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to one hundred times under stress.

No amino acid decreased significant¬

ly.
Nitrate reductase activity was measured in corn by Mattas and Pauli
(1?) under the combination of high temperature and moisture stress. They
found that these two stresses together decreased the activity of nitrate
reductase within twenty-four hours, the enzyme eventually establishing
a low constant level of activity.

Younis et al. (38) in the same lab¬

oratory observed that water stress alone reduced nitrate reductase ac¬
tivity.

Nitrate and molybdenum were also measured and found not to be

decreased, suggesting that these two compounds were not limiting factors
for the formation of the enzyme.
The rate of photosynthesis has been reported to drop under water
stress (5, 16) but the effect on respiration is not as clear.

Respira¬

tion eventually decreases in rate but until stress becomes severe it
may either increase or decrease (5, 16).

Creosotebush.was subjected to

stress by Saunier et al. (26) and they found fructose remained stable
while glucose and sucrose decreased.
Studies on the interaction of water stress on RNA metabolism have
provided some interesting results.

Stutte and Todd (31) observed a

reduction in the total BNA content in wheat leaves while West (3^) re¬
ported an accumulation of total RNA in corn seedlings.

But Sturine et

al, (30) in 19^3 studied ribosomal RNA in germinating castor beans and
observed that polysomes decreased while monosomes increased, reducing
the rate of amino acid incorporation.

They (30) observed a decrease in

the activity of glucose-6-phosphate, phosohogluconate and NAD? isocitrate
dehydrogenases and concluded that water stress reduced the rate of pro¬
tein synthesis and that the point of disruption was at the mRNA level.

- 7 The effect of light on enzymatic activity has also received con¬
siderable attention.

Hageman and Flesher (12) reported that shading

caused a decrease in the nitrate reductase activity and that 90% of
the corn seedling reductase activity v/as lost when the plants were
transferred to complete darkness for forty-eight hours.

-
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MATERIALS AND METHODS

Plant Material:

The dominant tall form of Phinney's dwarf-1 (23)

corn was used In all wilting experiments.

In other studies Seltmann's

lemon-white-1 albino corn mutant and its wild type (28) were used.
Cultural Procedure:

The corn seeds were planted in a vermiculite

base in flats and placed in the greenhouse until the time of testing.
All tests were initiated approximately ten days after germination.
Nutrients were provided t>y daily watering with Hoagland’s solution # 1
(1*0.

The MgSO^ concentration v?as doubled because magnesium deficiency

was observed in the corn.
Treatments Employed:

1)

Fast wilting - Turgid plants were sep¬

arated carefully from the vermiculite media and the roots were washed
of any remaining particles.

These intact plants were then placed on

the greenhouse bench in direct sunlight for three to five hours to v/iIt.
To determine if loss of nitrate reductase activity was due to removal of
the nitrate source and/or disruption from the growth media, plants were
placed in 500 ml beakers with deionized water or Hoagland’s solution.
Oxygen was bubbled into these liquids with an electric air pump.
2)

Slow wilting - All plants were well watered with the nutrient

solution before wilting was initiated.

Approximately one-third of the

flats were randomly selected for control samples and water was withheld
from the remaining flats.

All flats either remained in the greenhouse

until assayed or were placed in a Percival Model CE-2 environmental
chamber.

A regime of twelve hours of light and twelve hours of dark

was established in the growth chamber,

the light period extending

-

from

3

A.M. to 3 P.M.
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To promote wilting, the temperature was at 27°C

and humidity was lowered by setting a fan below the flats and passing
air over a tray of calcium chloride.

The relative humidity was lov/ered

to a range of 30 to 50% under these conditions.

To test recovery, plants

were rehydrated twenty-four hours prior to assaying.
3)

Dark-grown tissue - The albino corn and its wild type were grown

in the light in the greenhouse or in the absence of light in a Percival
growth chamber.

For the plants grown in the dark, the temperature was

kept at 27°C and watering was done under a safe-green light.
Water stress measurements;

1)

In all wilting experiments measure¬

ment of water stress was begun prior to harvesting the tissue for assay.
Two different methods were employed, both beginning with the following
procedure.

One-half to one-inch sections were taken from the interior

of the same leaf on all plants tested.

Depending on the size of the

sample being tested, two or three sections were included in each test
and each test was replicated at least twice.

The tissue was immediately

enclosed in a weighing bottle, and its original weight obtained.

When

determining the percent water, the tissue was placed in an oven set at
95°C and the dry weight taken twenty-four hours later.

The percent

water was computed as follows:
%

original water
dry weight

x

100

To obtain the water deficit, first the original weight was determined,
then the tissue was floated in deionized water under white light in a
covered petri dish for four hours, reweighed and oven dried.
lowing equation was used for computing the water deficit:

sat, wt. - orlg. wU
sat. wt. - dry wt.

X

100

The fol¬

-

2)
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Harvesting - When shoots and roots were “both assayed, the intact

plant was carefully separated from the vermiculite base.

This was done

under the safe-green light when harvesting the dark grown tissue.

When

roots were not included in nitrate reductase studies, the leaves were ex¬
cised at the leaf sheath.

In experiments measuring the activity of ni¬

trate reductase, phenylalanine ammonia-lyase, and NADH oxidase, the shoots
were excised at the coleoptile node.

In all cases the tissue was immedi¬

ately submerged in ice water and brought to the laboratory for assay.
Enzyme Assays:

Unless otherwise stated all other extracting operations

were carried on between 2-5°C.
l)

Assay of nitrate reductase (N.R.) - leaves were removed from ice

water and blotted dry.

Samples weighing approximately 2.0 g were separ¬

ated, weighed, and returned to ice water until assayed.

The blotted

samples were-then ground with a refrigerated, mortar and pestle, using
purified sand in the following grinding medium:

0.1M THIS (tris

hy¬

droxymethyl , aminomethane) at a pH of ?.5» 0.01M cysteine (L cysteine
hydrochloride HgO), and .0003M HUTA (ethylenedinitrilotetraacetic acid).
Hour ml of cold (2°C) grinding medium were added for each gram of tissue.
The homogenate was squeezed through cheesecloth and. centrifuged for fif¬
teen minutes at 20,000X £.
glass wool and assayed.

The supernatant liquid was decanted through

The assay mixture contained 1.0 ml of 0.1M po¬

tassium phosphate buffer, 0.2 ml of 0.1M KMO^, 0.5 ml of 1.36 10

NADH,

0.2 ml of enzyme extract and deionized water to a final volume of 2.0 ml.
The reaction was initiated by first adding NADH and immediately thereafter
the enzyme extract.

The mixture was incubated for fifteen minutes at 24GC

and stopped by adding 1 ml of 1% w/v sulfanilamide in 1.5” HC1.

1 ml of

-
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0.02$ v/v N-(l naphthyl)ethylene diamine hydrochloride reagent was added
and color was allowed to develop for five minutes.

The absorbancy was

determined by reading each sample against a blank (H^O substituted for
NADH) in a Beckman DU-2 spectrophotometer at

foe unit of enzyme

activity was defined as that amount of enzyme vdiich catalysed the trans¬
formation of one micromole of nitrate to nitrite per minute under the
above conditions.
2)

Assay of NADH oxidase - The extract used for the nitrate re¬

ductase assays was also used for this enzyme.

The assay mixture con¬

tained 2.0 ml of the same tris buffer used for grinding, adjusted to
pH 8.2, 0.2 ml of 0.1M (NHJ()2 SO^, 0.2 ml of 1.36 X 10"3m NADH, and
0,2 ml of extract.

The volume was brought to 3 ml with H^O.

action was run at J0°C and initiated by the addition of NADH.

The re¬
Changes

in the absorbancy of the NADH at 3^0nm were followed spectrophotometrically at Intervals of thirty seconds for four minutes.

The mixture

was assa?/ed against a blank containing H^O in place of the NADH.

One

milli-unit was defined as that amount of enzyme which will catalyse the
oxidation of one millimicromole of NADH per minute under the above con¬
ditions.
3)

Assay of Phenylalanine Ammonia-lyase (P.A.L.) - Debladed whole

leaf-sheaths were removed from ice water and blotted dry.

Samples weigh¬

ing between three and five grams were separated, weighed and returned to
ice water until assayed.

The sample was ground in a Vir-Tis homogenizer

at high speed for one minute.

The homogenizing mixture contained 0.1M

borate buffer, pH 8.7> with 0.3 nil of mercaptoethanol per 100 ml of
buffer and was added at a rate of 3 nil buffer per gram fresh weight of

-

tissue.
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The homogenate was squeezed through cheesecloth and centrifuged

for ten minutes at 20,000X £.
and the pellet discarded.

The supernatant fluid was decanted off

Acetone (-10°C) was then added to the super¬

natant at a volumetric ratio of 1.5 to 1, respectively.

The solution

was transferred to the freezer for fifteen minutes to allow protein pre¬
cipitation.

It was then centrifuged for ten minutes at 5»000X £ and the

supernatant fluid discarded.

The pellet was gently rinsed three times

with distilled water and 5 ml of 0.1M horate buffer (pH 8.?) added.

The

precipitate was resuspended by gently probing with a glass rod and break¬
ing the particles with a Wintrobe pipette.

The resuspended mixture was

then centrifuged at 20,000X £ for ten minutes to remove insoluble mater¬
ials.

The supernatant fluid was then assayed spectrophotometrically by

following the increase in absorbance at 290nrn, which is a measure of
cinnamate formation.

The reaction mixture (3*0 nil) contained 0.2 ml

of 0.1M L-phenylalanine,0.5 ml of 0.2M borate buffer (pH 8.?), 1.9 nil
of HpO end Q.h ml of enzyme extract (6).
no I-phenylalanine.

The reference blank contained

The reaction mixture was brought to 30°C and the

assay was begun by adding the L-pheriylalanlne,

Absorbancy readings

were taken at one minute intervals for ten minutes.

One unit of enzyme

was defined as that amount necessary to catalyse the formation of one
micromole of cinnamic acid per minute at 30°C.

Enzyme activity was

computed as milllunlts of enzyme per milligram of protein.
Protein Assays!

The protein analyses used here were the biuret

method (nitrate reductase and NADU oxidase extract) and the Lowry
method (phenylalanine ammonia-lyase extract).
Nitrate Assays:

Two grams of leaf tissue were ground with a

mortar and pestle in 10 ml of deionized water with purified sand.
The homogenate was pressed through cheesecloth and centrifuged for fif¬
teen minutes at 20,000'/ £.

The supernatant liquid was decanted through

- 13 glass wool and assayed.

The assay mixture contained 0.2 ml of extract,

2.8 ml of deionized water, 0.4 ml of 2.5$ w/v brucine, and 6 ml of con¬
centrated H^SO^ (10).
v;as sitting in ice.

The K^SO^ was added slowly to the mixture which
The amount of nitrate was estimated by comparison

of the sample to premixed standards.

RESULTS

Nitrate reductase activity was compared in the roots and shoots of
the corn used in these experiments.

Greenhouse-grown plants were harvest¬

ed and entire shoots and roots were tested.

Roots had only lO^ of the

specific activity found in the shoots and, on a per-plant basis, only
of the total nitrate reductase activity was in the roots (Table 1).

In

this tissue, therefore, the shoot contains virtually all nitrate reductase
activity and is the most logical portion of the plant to assay.

Table 1. Comparison of nitrate reductase
activity in roots of six day old corn.
-

Shoots

Roots

Specific activity

0.82

0.08

Units of enzyme/plant

0.65

0.04

Mg protein/plant

_2*2

M

The effect of fast wilting on reductase activity was tested on
greenhouse-grown corn.

The intact plants were carefully separated from

the vermiculite media, washed free of any remaining particles in v/ater
and laid on the greenhouse tench in sunlight for three hours.
trol sample was undisturbed.
of the wilting incurred.

The con¬

The percent water was a reasonable index

Enzyme activity decreased under the above

conditions (Table 2).

Table. 2. The effect on nitrate reductase activity
of disrupting intact plants from vermiculite and
withholding water. Heductase activity is expressed
as percent specific activity relative to the control.
•

Control
Relative activity
Percent water*

*Dry weight basis

100?

Wilted

M
588%

-
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The reduction of enzyme activity, reported in Table 2, was invest¬
igated further to determine which of the variables was the cause.

These

variables were 1) the removal of a water source, 2) disrupting the plant
from its growth media, 3) removing the plant's nitrate source.

To test

and distinguish these, the corn was subjected to four conditions.

Plants

were carefully removed from the vermiculite, washed and a) laid on the
greenhouse bench to wilt for three hours, b) placed in aerated Koagland's
nutrient solution or c) placed in aerated deionized water.
plants were undisturbed.

The control

Disrupting the plant reduced activity in all

three tests, and wilting caused a further reduction in the activity
(Table 3).
Table 3* ' Comparison of the effects on nitrate reductase
activity resulting from disrupting the roots (wilted!*
versus removing the nitrate (HoaglandT~or water supply
(water) from corn seedlings. Reductase activity v/as
expressed as percent specific activity relative to the
control.

'

Control

Relative Activity

100/

Water
80/

Hoagland

Wilted
51/

-
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The effect of slow wilting was studied in a three-day experiment.
Intact plants were left undisturbed in the vermiculite medium, and water
was withheld one day prior to and throughout the duration of the exper¬
iment,

In the recovery studies, plants were rehydrated twenty-four hours

before testing.

The reductase activity decreased in the wilted tissue

(Table *0, but the activity in the rehydrated tissue was two-to three¬
fold higher than it was in the wilted tissue.
Percent water proved not to be a reliable index of the plants* in¬
ternal water in this type of test.
water than the control (Table 4).

Wilted tissue had a higher percent
Therefore, in all future experiments

the water deficit method was used to measure water stress.

Table 4. Comparison of nitrate reductase activity
in wilted and recovered tissue in a 3 day time
course. Reductase activity was expressed as percent specific activity relative to the control.

Pays

12

3

2

*

Relative Activity

Percent Water*

100?

100?

70h%

Wilted

\b%

W

739?

Recovered

b?.i

?M

809/^

Control

100-

*Dry weight basis

-
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The effect of prolonged water stress was studied in a twelve-day
tire course.

Of thirteen flats of corn, three were randomly chosen as

control flats and watered with the nutrient solution daily.
ing ten were.given no water throughout the testing period.

The remain¬
All flats

remained in the greenhouse and were therefore subjected to changes in
weather phenomena such as variation in temperature and light intensity.
Figures la and lb show the water deficits of the wilted and control
tissue during the twelve days.

The fluctuation in results between those

readings taken in the morning and those taken in the afternoon is illus¬
trated.

Temperature maxima and minima (Figure lc) and comments on

weather conditions are helpful in explaining the water deficit incon¬
sistencies and also fluctuations in nitrate reductase activity (Figure
la).

On day six, full sunlight and the temperature maximum of ?4°F

coincided with the highest activity in the control plants and the high¬
est water deficit recorded for the wilted tissue throughout the time
-course.

19
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DAYS - CONTROL

Fig. la, h.

(top and middle) Water deficit of wilted and watered corn
during a twelve day time course carried on in the greenhouse. A.m.
readings were taken at 9*00 a.m. while n.m. readings were taken at
1:00 p.m.

Fig. lc.

(bottom) Maximum and minimum temperatures recorded in
Amherst during the twelve day time course.
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(tor>) Activity of nitrate reductase expressed on specific
activity basis during; the twelve day time course. The control tis~
sue was watered daily while the v/ilied had no external, water sources
throughout the test oeriod.

Fig. Id.

Fig. lc.

(bottom) Maximum and minimum temperatures and remarks on
weather conditions recorded in Amherst during the twelve day time
course are oresented.
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The apparent effect of light on the activity of nitrate reductase,
observed in the experiments represented by Figures la through Id,
prompted the following investigation.

Nitrate reductase activity was

determined in an albino mutant of corn and its wild type grown under
white light or in the absence of light.
being planted.

Seeds were separated before

The plants given light were grown under normal green¬

house conditions while plants grown in the absence of light were grown
in the growth chamber and watered under a safe-green light.

In the

light, the wild type had nitrate reductase activity in the shoot and
root comparable to previous studies; while the mutant had similar ac¬
tivity in the roots but no detectable activity in the shoots (Table 5&).
Combining wild type and albino extracts gave an activity representative
of their mean, indicating that the lack of activity in the shoots was not
due to the presence of an inhibitor.

In the plants grown in the dark,

no difference was observed in reductase activity in either the shoots
or the roots of the wild type and albino (Table 5"b) •

The enzyme activ¬

ity in the shoots of both plants was approximately one third of that
observed in the wild type plants grown in the light.

Activity in roots

W3S slightly higher in dark-grown plants (possibly due to higher temp¬
eratures in the growth chamber).

In light grown shoots, no difference

was observed in the phenylalanine ammonia-lyase activity.

-

22

-

Table 5a. Comparison of nitrate reductase activity in
alMrio and wild type corn shoots and roots and phenylalanine ammonia-lyase activity in shoots grown under
white light.
-~
SHOOTS
Wild
type
Nitrate reductase^

Protein mg/gm. fr. vt.

Albino

W.T.+
Albino^

0.0

0.50

0.11

0.10

2.55 . 0.00

3.0?

0.4?

0.41

22.35

24.75

1,03

m moles N0o/min.

ROOTS

.33-32 .

Phenylalanine ammonia-lyase^ 6.4

Wi Id
type

Albino

15.50 15.54

5.2

1 A combination of extracts from wild type and albino tissue

p

Milliunits of enzyme/mg protein

3 Units of enzyme/mg protein

Table 5b. Comparison of nitrate reductase activity in
albino and wild type corn shoots and roots grown in
the absence of light.
SHOOTS

Wild
type

ROOTS

Albino

Wild
type

Albino

Nitrate reductase *

0.35

0.2?

0.19

0.20

m moles NOVmin.

1.04

0.89

0.5?

0.73

11.80

13.08

13.88

14.52

Protein mg/gm. fr. wt.

1 Milliunits of enzyme/mg protein.

-
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Tables 6a and 6b present the data from two similar experiments
designed to give further insight into the relationships between wilting
and enzyme activity.

The corn for both experiments was grown in the

greenhouse and transferred to the growth chamber for testing.

In the

experiment reported in Table 6a, corn was allowed to wilt four days
prior to being placed in the growth chamber and twenty-four hours in
the chamber before the test began.

In the experiment reported in Table

6b, corn was watered directly before being placed in the growth chamber
and left for thirty-six hours with no water before the first assay.

Ni¬

trate reductase, phenylalanine ammonia-lyase, and NADH oxidase activity
were measured in both experiments.

The wilted tissue reported in Table

6a had much higher water deficits than the wilted tissue reported in
Table 6b.

This reflected the effect of the longer period that the plants

reported of in Table 6a were under stress.

In both cases, nitrate re¬

ductase and the lyase activity dropped in the wilted tissue while no
change was observed in the NADH oxidase activity.

Table 6a. Comparison or the activity of three enzymes
after 5 anflT days of^water stress (removal from green¬
house to growth chamber 24 hours prior to testify).

DAY 1

DAY 2

Control

Wilted

Control

Wilted

Nitrate reductase*

1.30

0.72

0.96

0.56

Phenylalanine ammonia-lyase^

7.82

2.65

11.23

5.01

NADH oxidase*
Water deficit

3 6.7

33.4

b,&%

12.8

11.0
33.4£

27. lg

* Milliunits of enzyme/mg protein
^ Units of enzyir.e/mg protein

Table 6b. Comparison of 3 enxymss* activity after_J36
• and 60 hours of v/ater~~¥tress^ wale red and removed from
greenhouse to growth chamber 36 hours prior to Day 1.)
• ■

DAY 2

DAY 1

Control

Wilted

.12

.12

Phenylalanine ammonia-lyase^

12.24

6-25

NADH oxidase*

32.1

Nitrate reductase*

Water deficit

3M

* Milliunits of enzyme/mig protein
2 Units of enzyme/mg protein

35.?

Control

Wilted

• 13 _I02_

9.29
, 26.5
3.0;*

6.20
25.0
5.2??

.
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The results from a five-day time course designed to gather more
complete information on wilting and to investigate the effect of re¬
hydrating on enzyme activity are presented in Figures 2a to 2d.

Four

days prior to assaying, the flats were moved from the greenhouse to
the growth chamber and wilting was initiated.

Plants used in all re¬

covery tests were rehydrated twenty-four hours prior to testing.

Re¬

ductase and lyase activity followed a similar pattern (Figures 2a and

2b), i.e.

Their activities decreased during wilting and increased with

rehydration.

NADH oxidase declined in activity during wilting in this

case (Figure 2d) but not to the same magnitude observed for the other
enzymes.

Rehydration increased the activity of NADH oxidase.

The water

deficit increased throughout the testing period as indicated by Figure

2c; the rehydrated tissue recovered turgidity nearly to the level of
the control in all cases.

- 26 -

/

DAYS
w’

Fig. 2a, (top) Nitrate reductase activity expressed as percent
specific activity relative to the control. .Wilting was initiated
and plants were transferred to the greenhouse four days prior to
day one. Recovered tissue measurements were made on plants water¬
ed twenty-four hours prior to harvesting.
>

*

.....

Fig. 2.b, (bottom) Phenylalanine ammonia-lyase activity expressed
as percent specific activity relative to the control.
,

—<

. -

2?

-

-1_I_I_J

1.2

3

4

5

DAYS
✓

Fig, Pc. (to*)) Wgter deficits of the control, recovered and wilted
tissue during the five'day time course77! taV-gn at Q:00
Fig, ?fl, ' (’bottom) NADH oxidise activity expressed as percent,
specific activity relative to the control.

- 28 Four different levels of wilting were tested in an experiment to
confirm trends previously observed in nitrate reductase, phenylalanine
ammonia-lyase and NADH oxidase and also to determine whether or not
nitrate was present in the wilted corn.

The levels of wilting were

established by moving six flats of corn into the growth chamber.

All

flats were saturated at this time and two flats were picked at random
to begin wilting.

Two days later, two more flats were allowed to wilt.

On day six, all tissue was harvested and water deficit samples were
taken from each flat.

Flats wilted the same period of time had differ¬

ent water deficits due to variables such as placement in growth chamber
and amount of vermiculite per flat.

Wilting caused a decrease in re¬

ductase and lyase activity while NADH oxidase showed no loss in activity
(Figure 3).

The nitrate test indicated that nitrate was available in

tissue exhibiting water deficits of up to 39^*

- 29 -
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Fig. 3. The activities of nitrate reductase, phenylalanine ammonialyase and NADH oxidase expressed as percent specific activity relative
to the control. The conditions were as follows: 1. plants v.Tere trans
ferred to the growth chamber and wilting initiated on one set of plant
and 20 every two days following, wilting was initiated on another set
of plants until the day of assaying.
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DISCUSSION

I
A reliable method of measuring the degree of water stress imposed
was essential to these tests.

A modification of Tfeatherly's (35) orig¬

inal method of disk floating proved to he the most effective index.

Tak¬

ing a cross section from the leaf decreased the number of injured cells
per total cells while still making available a pathway for water to enter.
Percent water proved, unsatisfactory (Table 4) when slow wilting was studied.
The inconsistent results may have been at least partially due to dry v/eight
changes but the problem was not pursued.

Data on water potential of the

tissues would have been meaningful; however, facilities for reliable de¬
terminations were not available.

.

H
Imposing water stress on corn seedlings reduced the activity of

nitrate reductase and phenylalanine ammonia-lyase considerably, while
NADH oxidase activity was essentially unaffected.

In the case of the

first two enzymes at least partial recovery was observed in enzyme ac¬
tivity after the wilted tissue was rehydrated for twenty-fcur hours.
Not enough information 5s available at this time to totally explain
the changes in metabolism brought upon by wilting but some interesting
possibilities are suggested by the results obtained here and elsewhere.
The controlling influence that enzyme activity has on the normal func¬
tioning of the plant makes protein metabolism an interesting and logical
point to study v:hen trying to describe the effect of water stress on me¬
tabolic activity.

In trying to explain the loss of enzyme activity re-

- 31 ported here in two cases with partial recovery of activity after twentyfour hours of rehydration and negligible loss of activity of the third
enzyme, two possibilities must be considered.

They are the reduction in

the synthesis of active enzyme and an increased rate of inactivation of
the enzyme.
Some interesting data have been presented which implicate the pos¬
sible role of reduced protein synthesis in reducing enzyme activity un¬
der water stress.

The rate of photosynthesis has been reported to de¬

crease in wilted tissue (5, 16).

This suggests a reduction in enzyme

activity at this level, but more important, that the supply of carbon
skeletons and high energy molecules available for the maintenance of
protein synthesis is reduced.
Sturani et al. (30) studied the effect of interrupted water uptake
and mild dehydration on certain enzymatic and ribsonal activities in
endosperms of germinating castor beans.

It was found that 1) the activ¬

ities of the three enzymes tested did not continue to increase as in the
control, 2) polysomes decreased while monosomes increased (these same
monosores were reincorporated into polysomes after the germinating cas¬
tor beans were placed in contact with water), and 3) In the presence of
poly-U, phenylalanine incorporation remained essentially constant in
ribosomes unable to incorporate amino acids.

From these observations

they concluded that protein synthesis was being inhibited at the m?TA
level.
The proposition that the rate of protein synthesis is decreased
under water stress (30) &ad the results obtained here on nitrate re¬
ductase, phenylalanine amnonia-lyase, and "ADH oxidase are not incom-

- 32 patible.

Nitrate reductase has been reported to have a half-life rate

of approximately four hours (2?).

If lyase also turns over quickly,

whereas NADR oxidase is more stable, a disruption in protein synthesis
is suggested.

The apparent recovery of the reductase and lyase activ¬

ity after rehydration would be a reasonable prediction, considering
that polysome content has been reported to increase after rehydration,
increasing the rate of amino acid incorporation, in the germinating
castor beans of Sturani et al. (30).
An increased rate of enzyme inactivation cannot be excluded.
Water stress may cause the release or synthesis of enzyme inhibitors
in the cell, thereby reducing activity by inactivation and/or degrada¬
tion.

Also, compounds necessary to stabilize the enzyme and prevent

its inactivation may be made unavailable by water stress.
Argument that the present results can be explained by inactivation
is worthwhile.

If inhibitors, either by release or synthesis, are

being deposited in the cell during wilting, reductase (not contained in
the chloroplast but associated with it (24) ) maybe vulnerable to at¬
tack.

The in^ vivo location of the lyase has not been determined but

NADH oxidase has been reported by Hackett (9)» Green (11), and others
to be located in the mitochondria and, therefore, may be protected
from the postulated inhibitors.

The increased enzyme activity after re¬

hydration is not easily answered when arguing this mechanism.
The evidence supporting a decrease in protein synthesis as the
cause of enzyme activity loss under water stress is substantial and
convincing at this time, but not complete.

The possibility of decreased

synthesis and an increased rate of inactivity is real, making more work

-
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essential before a positive answer can be established.
Wallace and Pate (34)

working with field pea and Hageman and

Fiesher (12) with corn have observed that light affects the activity
of nitrate reductase directly.

The effect of light and temperature

on nitrate reductase activity were studied concurrently (Figure la Id) with results indicating that these parameters can severely restrict
enzyme activity.

The combination of high light intensity and tempera¬

ture gave maximum reductase activity while low light (rain and fog) with
dropping temperatures reduced the activity considerably.

Mattas et al.

(l?) have reported that temperatures of 25°C and above reduce reductase
activity.

Their observations and the ones here confirm the importance

of an optimal temperature for maximum nitrate reductase activity. Plants
grown in the absence of light were not completely devoid of activity al¬
though it was reduced to a low level.

The activity found here demon¬

strates that nitrate reductase is light-enhanced but is not light-induced.
This implies that neither photosynthesis nor any other process depending
on a photoreceptor is necessary for the activity of this enzyme.
Shoots of the albino mutants exhibited no nitrate reductase activ¬
ity if grown in the light, while shoots of the wild type had normal ac¬
tivity.

Combining the extracts of both tissues revealed no inhibitor

of reductase in the albino extract.

Although this combination experi¬

ment does not prove that an inhibitor is not present in vivo, it suggests
that the nitrate reductase enzyme is not present in an active form in the
light-grown albino (the inhibitor might have been lost or destroyed dur¬
ing the extraction process).

No difference v/as observed in the activity

of the enzyme in the roots of both tissues.

When the seedlings v/ere

-
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grown in the absence of light, the albino contained nitrate reductase
activity at the same level as that found in the dark-grown v/ild type.
As previously mentioned, this activity was low but measurable.

No

difference in phenylalanine ammonia-lyase activity was observed in the
light-grown albino and wild type.
Light inhibited active nitrate reductase whereas it had no ap¬
parent effect on phenylalanine ammonia-lyase activity.

The simplest

interpretation is that the pigment, FAD, necessary for the nitrate
reductase electron transport system but not for lyase activity may be
destroyed.
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SUMMARY

la.

The effect of wilting and rehydration of corn seedlings on

the activities of nitrate reductase, phenylalanine ammonia-lyase and
NADH oxidase were investigated.

Observations were also made on the

changes in nitrate reductase activity and water deficit due to environ¬
mental conditions in the greenhouse.
b.

The shoots and roots of an albino corn mutant and its wild

type, grown under normal lighting

and in the absence of light, were

>

assayed for nitrate reductase activity.

Phenylalanine ammonia-lyase

in the light-grown shoots was also measured.

2a.

Nitrate reductase activity and wilting was found to be very

sensitive to environmental changes in the greenhouse, i. e. temperature,
relative humidity, and light, making results obtained on plants wilted
under these conditions difficult to interpret.

The effects of these

environmental changes were eliminated when plants were transferred to
the growth chamber at the initiation of wilting.
b.

Nitrate reductase and phenylalanine ammonia-lyase activity de¬

creased when corn seedlings were wilted.

After Zb hours of rehydration,

recovery of the activities of both enzymes was observed.

NADH oxidase

activity was essentially unaffected by wilting.
c.

No nitrate reductase activity was found in the albino shoot

extracts from light-grown plants while in the wild type the activity
of the enzyme was comparable to that in the other corn tested.

In the

absence of light, enzyme activity in both the albino and the wild type
was about one-third that found in the light-grown wild type.

Under both

-
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of the previous conditions, no difference was observed in the reductase
activity in the roots of the albino and the wild type.

Equal levels of

phenylalanine ammonia-lyase activity in light-grown shoot extracts were
measured in the albino and the wild type.

3a.

Available evidence strongly suggests that a decrease in the

rate of protein synthesis in wilted tissue is influential in reducing
enzyme activity.

An increased rate of protein inactivation is also a

possible factor but further investigation must be made to confirm or
negate this.
b.

Light inhibited the activity of nitrate reductase in the al¬

bino mutant but did not affect phenylalanine ammonia-lyase.

It is

postulated that a potential light acceptor EAD, which is part of the
nitrate reductase electron transport system, may be destroyed by the
light.
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